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Abstract

Abstract

The regulated turnover of proteins is an essential aspect of every cell. Cells must be able
to respond to environmental changes or undergo different developmental stages, while
still maintaining a balanced protein homeostasis. The ubiquitin-proteasome system (UPS)
is a major intracellular regulator of the protein homeostasis and is responsible for protein
degradation and quality control. Dysfunctions of the UPS have been linked to various
neurodegenerative diseases and opened up a new perspective on the disease-causing
mechanism in these disorders.

The E3-uniquitin ligase FBXO7 is part of the UPS and is expressed throughout the brain,
predominantly in the cortex, hippocampus and substantia nigra, as well as in the white
matter of the cerebellum and corpus callosum. Mutations of the Fbxo7 gene (PARK15)
are known to cause an early-onset form of Parkinsonism with a broad spectrum of
symptoms, which are collectively referred to as Parkinsonian-Pyramidal syndrome. So far,
the role of FBXOY7 in the nervous system is not fully understood and while recent studies
focused on the function of FBXO7 in neurons, its importance in myelinating cells has not
been investigated. Although myelinating cells are as equally important to the function of
the nervous system as neurons, little is known about the relevance of the UPS in
myelinating cells.

In my project, | investigated the importance of FBXO7 for myelinating cells and its impact
on the axon-myelin interaction. Therefore, we generated the Cnp1°®*;Fbxo7" mouse
line, in which FBXO7 was deleted from myelinating cells. The phenotype of
Cnp1°®™*:Fbxo7" mice displayed severe motor deficit and premature death. Interestingly,
| showed that deletion of Fbxo7 did not induce significant changes in myelination,
however severely affected the integrity of axons. Moreover, deletion of Fbxo7 from
Schwann cells affected the survival of axons in the PNS to a greater extent, than the
integrity of CNS axons, when deleted from oligodendrocytes. In order to elucidate the
post-developmental contribution of FBXO7 to the maintenance of the axon-glia
interaction, | further generated the Tamoxifen—inducible Plp1°R"™*:Fpxo7" mouse line,
in which FBXO7 was deleted from myelinating cells once myelination was completed. |
found FBXO7 to be less crucial, however still relevant for the function of myelinating cells
regarding axonal support, once myelination was completed. Concluding from my results, |
demonstrate the vital importance of FBXO7 for myelinating cells, particularly during
development. Furthermore, | showed that FBXO7 is essential for the maintenance of the

axon-myelin interaction, especially in the PNS.
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1 Introduction
1.1 The nervous system

1. Introduction

1.1  The nervous system

The human nervous system is a remarkable structure, which has developed in the course
of evolution to perform exceptional tasks. It computes information from inside and outside
the body and generates an appropriate response, which enables us to interact with our
environment, conduct higher cognitive activities and regulate almost all our body
functions. In vertebrates, the two main parts of the nervous system are the central
nervous system (CNS) and the peripheral nervous system (PNS). While the CNS consists
of the brain and spinal cord, the PNS mainly comprises nerves, which connect the CNS to
every part of the body. At a cellular level, the main constituents of the nervous system are
neurons and glial cells. Neurons receive and process signals and relay this information to
connected neurons of the network via electrical and chemical signals, known as action
potentials (AP). Neurons that connect to each other form neuronal circuitries (Eric R.
Kandel, 2000). Glial cells provide a functional scaffold for neurons and together these
cells engage in a bi-directional dialogue that is essential for the functioning of neuronal
networks. The detailed function of glial cells, however, has only just started to be

unraveled.

1.2 Glial cells

Glial cells are typically subdivided into astrocytes, microglia and myelinating cells and are
as abundant as neurons in the nervous system (Azevedo et al., 2009; Eric R. Kandel,
2000). The main function of astrocytes is to support the neuronal network by transferring
nutrients, recycling neurotransmitter from the synaptic cleft and participating in the
inflammatory response - to name a few functions (Carson et al., 2006; Eric R. Kandel,
2000; Helmut Kettenmann, 2013).

Microglia are brain-specific inflammatory cells, which are activated during an inflammatory
event. Further on, they support the clearance of debris from apoptotic cells and synapses
(Allen and Barres, 2009).

Myelinating cells insulate axons with a multilayered myelin sheath, by extending their cell
membrane and wrapping it around long segments of axons (Nave, 2010a). Myelination
increases the electrical resistance and lowers the capacitance of axons, which enables a
fast and saltatory propagation of the action potential that is 50 to 100 fold faster compared

to non-myelinated axons. In addition, myelinated axons consume less energy compared

2



1 Introduction
1.2 Glial cells
to non-myelinated axons, since they not require as much energy to maintain ion gradients
along insulated axons (Nave, 2010b). Evolutionarily, these characteristics of myelinated

axons were beneficial for developing fast and complex brain function.

1.2.1 Mpyelinating cells

There are two types of myelin-producing cells specific for each part of the nervous
system: oligodendrocytes in the CNS and Schwann cells in the PNS. While
oligodendrocytes are capable of myelinating multiple segments of different axons at the
same time, Schwann cells only myelinate one axonal segment (Helmut Kettenmann,
2013; Jessen and Mirsky, 2005) (Figure 1.2.1). Another subclass of Schwann cells are
the non-myelinating Remak cells that engulf small caliber C-fibers axons and form the so-
called Remak bundles (Feltri et al., 2016). In both CNS and PNS the axon-myelin
interaction is comparable and accomplishes similar tasks, which are performed by

overlapping, but not identical set of proteins (Nave, 2010a).

CNS
Oligodendrocyte
- — = )
N d ) Nerve
T gl termnals
) (®) ~N O
Nouror N > S =
cell body (EENRETE (TR, s,
il = - -
Initial -y 'f‘ P ~ Axon
segment I~ A& TR et ¢
by &Y Pernodal
astrocyle
PNS .
Nodes Schwann cel
.. =
Ve - 2\ 7z -
L = = - =3
Basal lamina  Internode

Figure 1.2.1 Different types of myelinating cells in the CNS and PNS.

Oligodendrocytes exclusively myelinate axons of the CNS, whereas axons of the PNS are myelinated by
Schwann cells. While oligodendrocytes are able to myelinate multiple axonal segments, Schwann cells only
wrap around one axonal segment. Both types of myelinating cells enable the saltatory propagation of action
potentials. The figure was modified from: Poliak S, Peles E (2003) The local differentiation of myelinated
axons at nodes of Ranvier. Nat Rev Neurosci 4:968-980, doi:10.1038/nrn1253. Reprinted by permission from
Macmillan Publishers Ltd: Nat Rev Neurosci, copyright (2003). Nature publishing group license number
4151391176819.
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1.2 Glial cells

1.2.2 Myelin

Myelin is a specialized plasma membrane that consists of 80% lipids and approximately
20% of proteins (as per dry weight) (Norton and Autilio, 1965; Pfeiffer et al., 1993). This
enrichment in lipids is the underlying reason for the insulating properties of myelin. Owing
to the low density, the purifications of myelin via density gradient centrifugation is feasible
(Norton and Poduslo, 1973a). The most abundant proteins within CNS myelin are
proteolipid protein (PLP) and myelin basic protein (MBP), representing 17% and 8% of
total myelin, respectively. In the PNS, myelin protein zero (MPZ or P0), periaxin and MBP
constitute 21, 16 and 8% of total myelin, respectively. Further, myelin proteins that are
expressed in both systems include 2’,3’-cyclic nucleotide 3’-phosphodiesterase (CNP),
myelin-associated glycoprotein (MAG) and tetraspanin-29 (known as CD9) (Jahn et al.,
2009; Patzig et al., 2011). Myelin can be divided in two distinct domains: compact and
non-compact myelin (Poliak and Peles, 2003). Compact myelin defines the tightly packed
layers of myelin, which are devoid of cytoplasm and contain proteins including MBP, PLP
and MPZ (Dupouey et al., 1979; Martini et al., 1995). The cytoplasmic rich non-compact
region represents a specific axon-glial contact zone, in which the myelinating cell interacts
with the axonal side and the nodes of Ranvier. This region contains proteins like CNP and
MAG and further harbors organelles, secretory vesicles and a cytoskeleton (Nave, 2010b;
Zuchero and Barres, 2011).

The node of Ranvier describes the region between two segments of myelin. Here, the
axon is not insulated by myelin and contains a high density of voltage-gated sodium
channels as well as other channels, which enable the saltatory propagation of an AP from
one node to the neighboring one (Bennett and Lambert, 1999; Eric R. Kandel, 2000). Next
to the nodes of Ranvier is the non-compact paranodal region, which is adjacent to the
juxtaparanodal region. Within these domains, myelin interacts with the axon, by means of
adhesion proteins to maintain the axon-glial interface. The juxtaparanodal region further
harbors potassium channels, which repolarize the axonal membrane during an AP (Eric R.
Kandel, 2000; Poliak and Peles, 2003; Tait et al., 2000) (Figure 1.2.2). Myelin thickness is
tightly regulated by axonal signals such as neuregulin 1 type Ill in the PNS (Michailov et
al., 2004; Taveggia et al., 2005). A method to evaluate the thickness of myelin is to
measure the g-ratio, which determines the ratio of inner axonal diameter divided by outer
diameter of the myelinated axon (Rushton, 1951). The average g-ratio in the CNS is
around 0.77 and in the PNS has an approximate value of 0.6 (Chomiak and Hu, 2009;
Rushton, 1951). Variations in g-ratio indicate potential pathological changes in

myelination.
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Figure 1.2.2 Distribution of compact and non-compact myelin proteins at the axon-glia

junction in the CNS.

The illustration shows the distribution of myelin proteins at the axon-glia interface along different regions of
myelin. The regions depicted include compact myelin, juxtaparanode, paranode and the node of Ranvier. The
electron microscopic images show the ultrastructure of cross- and longitudinal-section of a myelinated axon
from the CNS. Abbreviations: Caspr: contactin-associated protein; Cntn: contactin; Cx29: connexin 29 kDa;
KCh: fast potassium channels; MAG: myelin-associated glycoprotein; MBP: myelin basic protein; MOBP:
myelin oligodendrocyte basic protein; NaCh: voltage-gated sodium channels; NECL: nectin-like
protein/synCAM; NF155/186: neurofascin 155 kDa/186 kDa; OSP: oligodendrocyte-specific protein; PLP:
proteolipid protein. The figure was adapted from: Nave, K.A. (2010). Myelination and support of axonal
integrity by glia. Nature 468, 244-252 10.1038/nature09614. Reprinted by permission from Macmillan
Publishers Ltd: Nature, copyright (2010). Nature publishing group license number 4151350094282.

1.2.3 Axon-glial interaction

In addition to ensuring a fast and saltatory propagation of the AP, myelinating cells are
crucial for the long-term integrity and survival of axons (Griffiths et al., 1998; Lappe-Siefke
et al.,, 2003; Nave, 2010a; Yin et al., 1998). Previous studies showed that myelinating
cells support the integrity of axons by providing neurotrophic factors, such as growth
factors and cytokines (Nave, 2010a, b). Schwann cells secrete molecules like ciliary
neurotrophic factor (CNTF) and erythropoietin to enhance axonal survival. Moreover, it
has been shown that deletion of the gene encoding neuregulin1 receptor ErbB3 in
Schwann cell induces severe neuropathy (Keswani et al., 2004; Riethmacher et al., 1997;
Simon et al., 2010). Oligodendrocytes release factors including brain-derived neurotrophic
factor (BDNF), neurotrophin3 (NT3), insulin-like growth factor 1 (IGF1) and glial cell-
derived neurotrophic factor (GDNF) to support axonal function (Dai et al., 2003; Du and

Dreyfus, 2002; Wilkins et al., 2003). Additionally, myelinating cells supply axons with
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metabolic factors, as myelinated and thus insulated axons are deprived of metabolic
access from the extracellular space (Nave, 2010b). Especially axons that have larger
calibers have a higher energy demand and are highly dependent on the metabolic support
of glial cells. Myelinating cells express the glial glucose transporter GLUT1 and are able to
take up glucose from the blood vessels. They have also been reported to perform more
glycolytic metabolism than oxidative metabolism, resulting in pyruvate and lactate as
products (Lee et al., 2012b; Morland et al., 2007). Further studies show that
oligodendrocyte-derived lactate is shuttled through the monocarboxylate transporter
MCT1 via the axonal-specific MCT2 transporter into axons, where lactate is metabolized
(Funfschilling et al., 2012; Lee et al., 2012b; Saab et al., 2013; Simons and Nave, 2015).
These additional contributions of myelinating cells to the maintenance of axons are
independent from their myelinating function and persist throughout the lifetime of an axon-
glia symbiosis (Nave, 2010a). The axon-glia axis is not a one-way street, but is rather
based on a bi-directional communication and mutual support (Taveggia et al., 2005).
Hence, axonal signals also control the survival, proliferation, differentiation and
myelination of myelinating cell. Neuregulin1 type Ill (NRG1), which is expressed by axons,
has been shown to control myelination by Schwann cells, as well as the cells' proliferation
and survival (Michailov et al., 2004; Nave and Salzer, 2006). In the CNS, growth factors
and cytokines like BDNF, CNTF, platelet derived growth factor (PDGF) and leukemia
inhibitory factor (LIF) control proliferation and differentiation of oligodendrocytes (Nave,
2010a).

1.2.4 Dysfunctions in myelinating cells induce axonal pathology

Myelinating cells support and maintain axonal integrity, but when alterations occur within
myelinating cells, this supportive function is disturbed. Abnormalities in myelinating cells
can induce axonal degeneration and eventually cause different neurodegenerative
diseases (Nave, 2010a). Studies, in which mouse models lack particular myelin proteins,
demonstrated the relevance of a functional axon-glial interaction. Mutations of Mpz in
Schwann cells or mutations of the Plp7 gene leading to a medium number of gene-copies
in oligodendrocytes induce dysmyelination and eventually causes axonal loss (Clark et al.,
2013; Griffiths et al., 1998; Klugmann et al., 1997; Suter and Scherer, 2003). These
pathological changes are seen in neurological disorders such as Charcot-Marie-Tooth
(CMT), an inherited peripheral neuropathy, in which MPZ is mutated (De Jonghe et al.,
1999). Moreover, mutations in PLP1 are linked to Pelizaeus-Merzbacher disease, which is

an inherited form of leukodystrophy (Garbern, 2007). Interestingly, myelinating cells can
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also cause axonal degeneration, without major impairments in myelin synthesis. Mouse
models, in which Cnp1 is deleted, develop without motor symptoms until four months of
age and display a normal compaction of the myelin sheaths. However at around six
months of age, these mice exhibit altered paranodes, axonal swellings, defective axonal
transport and axonal death, which reflects in a prominent motor phenotype in young adult
mice (Edgar et al., 2009; Lappe-Siefke et al., 2003). Furthermore, in Plp1” mice, which
undergo normal motor development in the first year, the overall myelination appears to be
intact, but long spinal tracts show progressive degeneration (Garbern et al., 2002; Griffiths
et al., 1998; Klugmann et al., 1997). Myelin of Plp1” mice only show abnormalities at an
ultrastructural level (Rosenbluth et al., 2006). Mutations of the Plp71 gene have a dose-
dependent effect depending on the number of copies of the transgene (Griffiths et al.,
1998). While high gene copies induce more severe symptoms, a prominent
dysmyelination and early death, low gene copies or Plp7” mice only develop late onset
neurodegenerations including axonal degeneration (Griffiths et al., 1998). Long-traveling
axons appear to be most vulnerable to this lack of support by dysfunctional myelin cells,
as it is seen in Plp1" and Mpz mouse models (Garbern, 2007; Griffiths et al., 1998).
Investigations on myelin function always pose an interdisciplinary challenge, due to its
close axonal interaction. In the recent decades interesting and essential new functions of
myelinating cells have been identified, however further studies are required to better
understand the axon-glia axis and thereby elucidate the pathological changes occurring in

neurological disorders.

1.3 The ubiquitin-proteasome system (UPS)

The proper function of a cell is based on a well-orchestrated interplay of fundamental
cellular mechanisms. Such mechanisms including metabolism, energy production,
molecular transport, cell division, cell growth and structural arrangement are constantly
regulated. The ubiquitin-proteasome system (UPS) is a major intracellular regulator that is
responsible for protein degradation and quality control (Hershko and Ciechanover, 1998).
It therefore participates in essentially all processes involved in the precise spatial and
temporal regulation of protein homeostasis. Target proteins of the UPS are modified with
ubiquitin (Ub), a small 8.5 kDa molecule that is covalently attached to lysine residues of
the substrate (Hershko and Ciechanover, 1998; Schlesinger and Goldstein, 1975).
Conjugation of ubiquitin to a substrate is accomplished via a three-step enzymatic
cascade. Initially, Ub is activated in an ATP-depended manner by the ubiquitin-activating

enzyme E1. It is then transferred to the ubiquitin-conjugating enzyme E2. From there,
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ubiquitin can either be directly coupled to a substrate that is specifically bound to an E3
ubiquitin ligase, or Ub is transferred onto an E3 ubiquitin ligase and then conjugated to a
substrate recruited by this particular E3 ligase (Ciechanover and Schwartz, 2002; Pickart
and Eddins, 2004). The modification of proteins by ubiquitin determines their fate, which is
why ubiquitination can be viewed as a code. A substrate can either be mono-
ubiquitinated, multimono-ubiquitinated or poly-ubiquitinated. Poly-ubiquitination occurs
when additional Ub molecules are attached to one of the seven lysine (K) residues of the
preceding ubiquitin. Linkages of K48 Ub-chains are commonly associated with
proteasomal degradation; whereas K63 linked chains are mainly considered to induce a
non-proteolytic, functional modification of the target protein (Komander and Rape, 2012;
Pickart and Fushman, 2004). Furthermore, protein degradation is also regulated by
deubiquitinating enzymes (DUBs), which can reverse ubiquitination of mono- or poly-
ubiquitinated proteins by removing Ub molecules. DUBs thereby are able to reverse the
fate of modified proteins and additionally are able to recycle Ub molecules during protein
degradation for further ubiquitination processes (Glickman and Ciechanover, 2002;
Lilienbaum, 2013) (Figure 1.3.3). Proteins designated for degradation, are generally send
to the 26S multi-catalytic proteasome. This complex consists of two compartments: the
20S barrel-shaped core particle (CP) and the 19S regulatory particle (RP), which is
attached to one or both ends of the CP. The core particle consists of two -rings located
at the center and two outer a-rings (Bochtler et al., 1999). One a-ring and one f-ring
comprise seven a-subunits and seven p-subunits, respectively. The a-rings, provide
structural stability to the proteasome holoenzyme, while the (-rings harbor catalytic
activity. Prior to proteolysis, the RP recruits ubiquitinated proteins to the proteasome. The
RP is bound to the a-rings and harbors an ubiquitin-recognition motif for binding
ubiquitinated proteins. Moreover, the RP unfolds and prepares the ubiquitinated substrate
for degradation in the core (Dikic, 2017) (Figure 1.3.4).
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The Ubiquitin-proteasome system starts with the activation of ubiquitin (Ub) by the E1-activating enzyme. Ub

is then transferred on to the E2-conjugating enzyme. Proteins designated for ubiquitin-modification or

degradation, interact with the E3-ubiquitin ligase, which mediated the ubiquitination of the target substrate. E3-

ubiquitin ligases are classified in RING or HECT-E3 enzymes. Substrates that are poly-ubiquitinated by K48

linkage of Ub generally bind to the 26S proteasome and are degraded. Finally, Ub molecules are recycled by

deubiquitinating enzymes (DUBs). The figure was adapted from: van Tijn, P., Hol, E.M., van Leeuwen, F.W.,

and Fischer, D.F. (2008). The neuronal ubiquitin-proteasome system: murine models and their neurological

phenotype. Prog Neurobiol 85, 176-193. Reprinted by permission from Elsevier Ltd: Progress in Neurobiology,
copyright (2008). Elsevier license number 4151791383353.

9



1 Introduction
1.3 The ubiquitin-proteasome system (UPS)

19S regulatory
particle

26S/30S 20S core
proteasome particle

19S regulatory
particle

c\ ‘ Fragmented

protein

Figure 1.3.4 The 26S/30S proteasome.
Schematic of the 26S/ 30S proteasome, consisting of a 20S core particle (CP) and one or two 19S regulatory
particles (RP). The CP is constituted of two a- and two B-rings, each made up of seven respective subunits.

Proteins designated for degradation bind to the RP and are degraded by the CP.

1.3.1 E3 ubiquitin ligases

The degradation and post-translational modification of proteins by ubiquitination is a fine-
tuned process that relies highly on its specificity for substrate recognition. It is therefore
not surprising that the human genome encodes for over 600 different E3 ligases, which
recognize substrates via unique protein-protein interactions (Deshaies and Joazeiro,
2009). In contrast, the human genome only encodes for two E1 enzymes and
approximately 35 E2 enzymes, pinpointing E3 ligases as the main determinants in the
specific process of ubiquitination (Kawabe and Brose, 2011; Scheffner et al., 1995). An E3
ligase can have more than one interaction partner and in return substrates can be
ubiquitinated by various E3 ligases. This adds another layer of complexity to the
regulation of protein homeostasis and cellular function. Depending on the mode of
ubiquitin transfer, E3 ligases can be classified as RING-type or HECT-type ligases. In
‘really interesting new gene’ (RING) ligases, the E3 enzyme functions as a scaffold
binding the E2 conjugating enzyme as well as the target protein and bringing both in close
proximity for a direct ubiquitination. RING-ligases can exist as monomeric or multimeric
complexes and are more abundant than HECT-ligases (Pickart and Eddins, 2004; Pickart
and Fushman, 2004). ‘Homologous to E6AP C-terminus’ (HECT) ligases have intrinsic

enzymatic activity: the E2 ligase is recruited to the E3 ligase and transfers the ubiquitin
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molecule first onto the E3 enzyme before it is transferred onto the target substrate, which

simultaneously binds to the E3 ligase (Komander and Rape, 2012) (Figure 1.3.3).

1.3.2 UPS dysfunctions are associated with neurodegenerative

diseases

Like in any other cell type, the UPS plays a crucial role in neurons and glial cells. Dynamic
changes or plasticity of the brain depend on the balance between synthesis and
degeneration of proteins. Previous studies have shown that the UPS is essential for the
functional and molecular reorganization of the postsynaptic density in rat hippocampal
neurons in response to synaptic activity (Ehlers, 2003). Besides synaptic remodeling,
axonal regeneration also relies on an efficient UPS. Interestingly, efficient UPS has been
highlighted as part of the mechanism involved in new growth-cone formation after axonal
injury (Verma et al., 2005). Glial cells are as essential to brain function as neurons and
further contribute to its plasticity. When myelination hits its peak, myelinating cells produce
myelin membrane at a daily rate that is equal to three times the weight of their soma
(Jansen et al.,, 2014). Ensuring a stable homeostasis is therefore decisive for myelin
integrity and involves the UPS. Studies from Goldbaum et al. show that inhibition of the
proteasome by the inhibitor MG-132 induces apoptosis and mitochondrial dysfunction in
cultured oligodendrocytes from rats (Goldbaum et al., 2006). In the PNS, the UPS was
shown to participate in the response of Schwann cells to peripheral injuries. Inhibition of
the UPS by MG-132 during the early phase of Wallerian degeneration of injured peripheral
nerves induced a cell cycle arrest of Schwann cells and suppressed their dedifferentiation
in vivo and in vitro (Lee et al., 2009). Further on, it has been reported for both rats and
multiple myeloma patients, that treatment with the proteasome inhibitor Bortezomib
caused a degeneration of Schwann cell myelin and peripheral neuropathy (Cavaletti et al.,
2007; Filosto et al., 2007).

Proper protein turnover is not only vital during neurogenesis and gliogenesis, but the UPS
provides also protection against age-associated changes in the adult brain. Disturbances
in the UPS involving ubiquitination, deubiquitination or the proteasomal function are
therefore associated with many different neurodegenerative diseases and forms of
cancer. Hallmarks of major neurodegenerative diseases often include aggregates of
protein within neurons and glial cells. Interestingly, these accumulations seen in
tauopathies, synucleinopathies and polyglutamine diseases are thought to compromise

the function of the overloaded UPS and contribute to the process of degradation (Bence
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et al., 2001; Dantuma and Bott, 2014; Lindsten et al., 2002). At the same time, inclusion
bodies often consist of ubiquitinated proteins, UPS components and proteasome subunits
(Dantuma and Salomons, 2016). Further studies in affected neurons suggest that ubiquitin
in inclusions may reflect an attempt by the cell to clear these aggregates via proteolytic
systems (Yamamoto et al., 2000). However, it is currently unclear whether ubiquitinated
proteins within inclusion bodies are the result of a dysfunctional UPS or whether it
indicates a protective mechanism of the cell to manage the toxic aggregates.
Neurofibrillary tangles, consisting of hyper-phosphorylated tau molecules are a hallmark of
Alzheimer’s disease (AD) and are intensively ubiquitinated (Perry et al., 1987). In addition,
amyloid B peptide, the major constituent of amyloid plaques, another hallmark of AD, can
interact with the proteasome and inhibit degradation of proteins (Gregori et al., 1995).
Lewy bodies are a hallmark of Parkinson’s disease (PD), which predominantly comprise
a-synuclein. It has been shown that a-synuclein also binds to the proteasome and inhibits
the UPS in vitro and in vivo (Chen et al., 2006; Snyder et al., 2003; Stefanis et al., 2001).
In Huntington disease, ubiquitinated filamentous mutant huntingtin aggregates were found
to selectively inhibit the peptidase activity of the 26S proteasome in vitro (Diaz-Hernandez
et al., 2006).

In diseases affecting the PNS, it was observed that proteasome impairment in Schwann
cells induces misfolding and aggregations of proteins like SIMPLE (small integral
membrane protein of lysosome/late endosome) and the myelin proteins PMP22
(peripheral myelin protein 22) and MPZ (Lee et al.,, 2012a). These pathologies are
associated with the peripheral neuropathy of demyelinating Charcot-Marie-Tooth disease,
which is characterized by motor and sensory weakness as well as muscle wasting (Lee et
al., 2012a). Glial cells are similarly affected as neurons, however the disparity in
inclusions occurring in neurons as compared to glial cells implies that the UPS is more
efficient in clearing out toxic aggregates within glial cells. While glial cells may cope better
with these protein aggregates, they still are affected and contribute to the general
outcome. In multiple system atrophy, a-synuclein aggregates have been shown to be
present in oligodendrocytes (Asi et al., 2014; Dickson, 2012; Stefanova et al., 2009).
Inhibition of the UPS in oligodendrocytes expressing a-synuclein aggregates, leads to a
severe motor phenotype and effects neuronal function and integrity (Stefanova et al.,
2012).

Astrocytes are able to take up aggregates of a-synuclein or amyloid  and secrete pro-
inflammatory markers, which activate microglia and subsequently help to clear out
aggregates (Mandrekar et al., 2009; Mulder et al., 2014; Wyss-Coray et al., 2003). Pro-

inflammatory markers such as interferon y induce the formation of immunoproteasomes in
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glial cells that exhibit an exchange of B-subunits by immuno-subunits in the core particle
of the proteasome. With this exchange, the catalytic activity in immunoproteasomes is
increased and the cleavage pattern is altered, resulting in peptides that are subsequently
presented to the MHC class-I molecule of the immune system (Basler et al., 2013; Sijts
and Kloetzel, 2011). The inflammatory response of glial cells further leads to an up-
regulation of the NF-kB or JKN pathway, which are controlled by UPS components (Dalal
et al., 2012; Stefanova et al., 2009). While it seems to be beneficial to up-regulate the
inflammatory response and clear out toxic aggregates, it is unknown whether the induction
of immunoproteasomes are beneficial or detrimental in neurodegenerative diseases in the
long run, as chronic inflammation is known to contribute to the degeneration of neurons
(Tansey et al., 2012).

14 PARK genes

Neurodegenerative diseases often have an unknown origin, also referred to as idiopathic
origin. Parkinson’s disease (PD) for example, which is one of the most prevalent
neurodegenerative conditions, is caused in 85-90% of the cases by a sporadic event,
while approximately 10% are due to an environmental cause and 5-10% occur as a result
of an inherited genetic mutation (de Lau and Breteler, 2006). Even though genetic
mutations linked to PD only occur quite rarely, studying their cause will help to elucidate
the mechanisms involved in sporadic PD cases. Cellular dysfunctions that had been
identified in genetic forms of PD have also been found in idiopathic PD. For instance, the
first gene that was associated with familial PD was SNCA, which encodes for a-synuclein
(Polymeropoulos et al., 1997). Only later a-synuclein was identified as major constituent
of Lewy bodies in sporadic PD patients (Spillantini et al., 1997). SNCA is also known as
PARK1 or 4 and belongs to the 20 identified PARK genes, which are linked to familial PD.
Among these PARK genes with their various functions, 3 loci are related to the UPS:
parkin, UCH-L1 and FBXO7.

Parkin (PARK2) encodes for an E3-ubiquitin ligase with multiple interaction partners. It is
most prominently known to regulate mitochondrial function together with another PARK
gene, PINK1 (PARK6). Upon mitochondrial damage, PINK1 accumulates at the outer
membrane of the mitochondria and recruits parkin. Parkin then ubiquitinates outer
membrane proteins and induces selective degradation of mitochondria (Pickrell and
Youle, 2015). Mitochondrial impairment is shown in brains of sporadic PD patients in

several studies before, however the critical pathway was previously unknown (Keeney et
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al., 2006; Parker et al., 1989; Schapira et al., 1989). This newly identified pathway, shed
light on mitochondrial contribution in PD and i